ABSTRACT A 1/6-scale F-18 wind-tunnel model was tested in the Transonic Dynamics Tunnel at the NASALangley Research Center as part of the Actively Controlled Response Of Buffet Affected Tails (ACROBAT) program to assess the use of active controls in reducing vertical tail buffeting. The starboard vertical tail was equipped with an active rudder and the port vertical tail was equipped with piezoelectric actuators. The tunnel conditions were atmospheric air at a dynamic pressure of 14 psf. By using single-input-single-output control laws at gains well below the physical limits of the actuators, the power spectral density of the root strains at the frequency of the first bending mode of the vertical tail was reduced by as much as 60 percent up to angles of attack of 37 degrees. Root mean square (RMS) values of root strain were reduced by as much as 19 percent. Buffeting alleviation results when using the rudder are presented for comparison. Stability margins indicate that a constant gain setting in the control law may be used throughout the range of angle of attack tested.
Buffeting is an aeroelastic phenomenon which plagues high performance aircraft especially those with twin vertical tails. As shown in figure 1 , for aircraft of this type at high angles of attack, vortices emanating from wing/fuselage leading edge extensions (LEX) burst, immersing the vertical tails in their wake. The resulting buffet loads on the vertical tails are a concern from fatigue and inspection points of view [1] [2] [3] [4] . For example, for the McDonnell-Douglas F/A-18, special and costly 200-flight-hour inspections are required to check for structural damage due to buffet loads [4] . Inspections and repairs are high cost items to the military services.
To reduce fatigue and thus increase the life of a vertical tail, the stress values must be reduced. This reduction may be accomplished by 1) either modifying the load-carrying structure within the tail, 2) reducing the buffet loads by altering the flowfield around the vertical tail, or 3) by reducing the buffeting response by adding damping. The success of a proposed fix to the buffeting problem has generally been measured by percentage reduction in the root mean square (rms) of the strain at the root of the vertical tail.
For the purpose of understanding the buffeting problem, several programs have focused on quantifying the buffet loads by acquiring response measurements and surface pressures on the vertical tails of scaled models in a wind-tunnel and on an SPIE Vol. 3044 • 0277-786X/97/$10.00
actual aircraft during flight [1] [2] [3] [5] [6] [7] [8] [9] [10] [11] [12] [13] . In general, the results of these studies are published as spectra and pressure coefficients for the inboard and outboard surface of the tail.
Based on some of these studies, McDonnell-Douglas Aircraft (MDA) implemented an interim solution on the F-18 relying entirely upon structural modifications to the vertical tail in an attempt to reduce the dynamic stresses in critical areas [2] . Even with the structural enhancement, the dynamic stresses were still too severe. This led to the investigation of a LEX configuration that was found to reduce the dynamic loading of the vertical tail [2] . After numerous engineering studies, windtunnel tests, and flight tests by MDA, the US Navy adopted the LEX fence as a retrofit for its fleet of F-18 aircraft. Based on a wind-tunnel test of a 6% F-18 model, the LEX fence was found to: 1) reduce the unsteady lift and pitching moment of the aircraft, 2) increase the unsteady pressure fluctuations on the upper surface of the LEX, and 3) reduce the steady and unsteady pressures on the vertical tail. During flight tests, where data is acquired during a range of transient dynamic pressure and transient angle of attack, called "q-band" and "a-band", respectively, the LEX fence reduced the peak accelerations in the first two modes of the vertical tail. Although the loads on the vertical tail were found to be reduced by the LEX fence, there have been some concerns of the impact on aircraft performance stemming from items one and two mentioned above. The desired approach to resolving the vertical tail buffeting problem is to maintain, if not enhance, overall aircraft performance, while reducing the dynamic stresses in the critical areas of the aircraft. From this standpoint, other options needed to be explored.
In 1992, the concept of an actively controlled rudder was proposed to alleviate vertical tail buffeting [14] . To approximate the rudder output and the generalized aerodynamic forces around the vertical tail, a doublet-lattice method was used with a reduced value of dynamic pressure. The corresponding aerodynamic damping and stiffness were combined with the structural model to derive an open-loop, state-space realization of the F-18 vertical tail at 32 degrees angle-of-attack, which is considered the worst case. Using this semi-empirical effectiveness of the rudder, this analysis of an actively controlled rudder showed that damping could be added to the tail resulting in reductions in the strain at the root of the tail.
In 1995, the use of actively controlled piezoelectric actuators on an FIA-18vertical tail was analyzed[15J. Incorporating approximations of the unsteady aerodynamics, this analysis showed that actively controlled piezoelectric actuators could increase damping greater than 60% in the first bending mode for less than an 8% increase in the weight of the vertical tail.
In 1995, vertical tail buffeting alleviation was achieved using piezoelectric actuators on a 5%-scale 76-/40-deg double delta wing wind-tunnel model with twin vertical tails that were not canted [16] . This 15-inch-long fuselage was constructed from a flat plate and resembled an F-iS planform. The 4.5-inch tall vertical tails, one rigid and one flexible, were symmetric about a vertical axis, resembling isosceles triangles that had been cropped at the top. Over ranges of angle of attack from 20 to 55 degrees and dynamic pressure from 0.5 to 7 psf, peak response of the vertical tail was reduced by as much as 65%over the uncontolled response, using simple control algorithms employing collocated strain gauges.
In 1995, a wind-tunnel investigation at the Transonic Dynamics Tunnel (TDT) at the NASA Langley Research Center (LaRC) extended the promising analysis of active buffeting alleviation to an experimental demonstration[17}. The research objectives of this ACROBAT program at LaRC are twofold: 1) to determine the spatial relationships of the differential pressures during open-loop and closed-loop conditions at various angles of attack; and, 2) to apply active controls technology, using a variety of force producers, to perform buffet load alleviation on twin vertical tails of a 1/6-scale F-18 wind-tunnel model. This investigation is the first experimental demoñtration of active buffeting alleviation on a scaled F-18 wind-tunnel model using an active rudder and piezoelectric actuators.
The main purpose of this paper is to present some open-loop and closed-loop results for the ACROBAT program's windtunnel tests of active piezoelectric actuators used to alleviate vertical tail buffeting. Without the uncertainties from using analytical tools to model the aerodynamics, the results of the wind-tunnel tests, presented herein, demonstrate the feasibility of using actively controlled piezoelectric actuators (as well as a rudder) to alleviate vertical tail buffeting on an F-18 configuration. Stability gain margins are presented for illustrating active control system stability at the angles of attack tested.
WIND-TUNNEL MODEL
An existing 1/6-scale, rigid, full-span model of the F/A-18 A/B aircraft was refurbished, and three flexible and two rigid vertical tails were fabricated. This model was then sting-mounted in the Transonic Dynamics Tunnel (TDT) at the NASA Langley Research Center, as shown in figure 2 , where it underwent a series of tests to determine buffet flowfield characteristics and alleviate vertical tail buffeting.
The three flexible tails were fabricated from a 1/8-inch thick aluminum plate and covered with balsa wood. The aluminum plate thickness was chosen such that the frequencies of the first three modes were close to those of the actual tail as determined by a finite element analysis. Also, by using a frequency scaling near unity, the effects of actuator bandwidth could be compared directly between full-scale and reduced-scale results. All three flexible tails were instrumented with a root strain Positive commands to the piezoelectric actuators at the root of the port vertical tail moved the tip of the port vertical tail inboard. The two rigid tails (one port, one starboard) were fabricated from a block of aluminum and were geometrically identical to the flexible tails.
To investigate the active alleviation of vertical tail buffeting, the flexible tails included the following actuators: 1) a rudder surface; 2) a tip vane configuration containing a slotted cylinder; 3) piezoelectric actuation devices; or 4) an embedded slotted cylinder. The rudder, the tip vane, (shown in figure 3 ) and the embedded slotted cylinder were activated by clamping each of them (when necessary) to a drive shaft that was turned by a hydraulic actuator located below the root of the vertical tail. Each of the seven opposing pairs of piezoelectric actuators, shown in figure 4(b), were powered by individual amplifiers located outside the test section of the TDT. For the port flexible tail with active piezoelectric actuators, the first bending mode is around 14 Hz (wind-oft) and the first torsion mode is around 62 Hz (wind-off). Not counting bonding material, each piezoelectric actuator at the root of the vertical tail consisted of two stacks of four layers of encapsulated wafers. The actuators at other span locations consisted of two stacks of two layers of encapsulated wafers. Each actuator at the root had dimensions of 4.OO"xl .50"xO.06" and weighed 1.02 ounces (2.1% of total vertical tail weight). Each actuator at other span locations had dimensions of 4.OO"x 1 .50"xO.03" and weighed 0.5 1 ounces. There are a total of six actuators at the root and eight actuators elsewhere.
TEST CONDITIONS
For buffet, the Strouhal number is the primary scaling relationship used in determining tunnel conditions [4] . The Strouhal number, n, is a nondimensional frequency parameter that is proportional to reduced frequency, and is expressed as U wherefis frequency in Hz, c is characteristic length, and U is velocity. Since active controls were a primary focus, comparisons of actuator bandwidths between model and flight were an issue. Therefore, to avoid any difficulties in scaling and defending any possible discrepancies, a frequency ratio between model and aircraft structural modes and forcing function spectra of unity was chosen, leaving only two variables, c and U, to be determined. According to the Strouhal number, to match frequency content between aircraft models of different scales, the relationship of c divided by U must be identical. Since 1/6-scale model was chosen, only one variable, U, needed to be determined. According to reference 4, the dynamic pressure where vertical tail buffeting appeared maximum was roughly 340 psf. Using a value for air density at an altitude of approximately 12,000 feet, velocity was determined. For the case of a 1/6-scale wind-tunnel model that has a frequency ratio of one with the aircraft, the windspeed requirement is 1/6 of the flight speed of the aircraft. 
GENERAL BUFFET AND BUFFETING CHARACTERISTICS OF THE WIND-TUNNEL MODEL
Typically, the buffet and buffeting are quantified by their dimensional or nondimensional power spectral density (PSD) functions. Since the results reported for this test are not being compared to other model or aircraft data, the dimensional form is used. In depth studies on buffet pressure characteristics and vertical tail buffeting have been performed on full-scale and model-scale F-18 vertical tails [1] [2] [3] [5] [6] [7] [8] [9] [10] [11] [12] [13] .
For thel/6-scale F-18 model, the power spectral density plots ofthe unsteady differential pressures ofthe buffet at angles of attack of 20, 26, and 34 degrees are shown in figure 5. Since there were no pressure transducers located on the port tail, the differential pressures were computed from the pressure time histories acquired near the center of the planform of the starboard flexible tail. The buffet at 20 degrees AOA, in figure 5(a), appears broad band compared to the buffet at 26 degrees AOA, in figure 5(b). At 26 degrees AOA, an aerodynamic resonance around 40 Hz has emerged. At 34 degrees AOA, the magnitude of the aerodynamic resonance has grown while its location has shifted to a lower frequency (near the frequency of the first bending mode of the tail). These trends of the pressures with angle of attack are consistent with other experimental data[1J. 92 response in the mode around 58 Hz has not grown significantly with the increase in angle of attack because the magnitude of the pressures in that portion of the spectrum has not increased with increased angle of attack, as seen in figure 5 . Referred to as "open-loop" buffeting, the structural responses due to the buffet only (without a commanded signal to the rudder or piezoelectric actuators) peaked at an angle of attack of approximately 34 degrees for the 1/6-scale F-18 model. This peak at 34 degrees angle of attack agrees well with the results of other wind-tunnel tests [1, 8] .
Another influence of the buffet on the vertical tail buffeting was seen by comparing the first bending frequency of the vertical tail as angle of attack was changed. The frequency of the first bending mode shifts to a lower value as angle of attack is increased, as summarized in figure 7 . This gradual shift in frequency with angle of attack can also be seen in the results of another wind-tunnel test that examined vertical tail buffeting on a 12% F-18 full-span model [1] . If the vertical tail is considered a single degree-of-freedom system subject to the large perturbations in the flow due to the burst vortex, then this shift in frequency may be viewed as increases in aerodynamic damping of the first bending mode. During the current ground vibration test of the starboard flexible tail, the structural damping was computed as approximately 1 .8 percent for the wind-off damped first bending mode. Using the relationship between damped frequency and natural undamped frequency, the undamped natural frequency of the tail was calculated and used in estimating the total damping from the damped natural frequencies observed in the wind-tunnel at each angle of attack. The aerodynamic damping was calculated simply by subtracting the structural damping from the total damping. As seen in table 1, the aerodynamic damping reaches approximately 7 percent at 37 degrees angle of attack.
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• ______ , , Hz were used to determine the influences of modes at frequencies higher than the frequency of the first bending mode of the vertical tail. In some cases, periodic pseudonoise (PPN) was used since this signal randomly selects the frequency content rather than sweeping through a mode which could result in damage to the wind-tunnel model. A matrix of transfer functions was obtained for all piezoelectric actuator pairs (as input) and the following outputs: strain at the root of the vertical tail, tip accelerations near the leading edge of the vertical tail, and tip accelerations near the trailing edge of the vertical tail.
The effectiveness of the seven actuator pairs were studied individually during tail buffeting. The three pairs of actuators at the root of the vertical tail were grouped together to boost actuator authority in the first bending mode. The remaining four pairs of actuators were abandoned because of their lack of authority in the higher tail modes. Open-loop frequency response functions of the 3 pairs of piezoelectric actuators (grouped together as a single actuator) with respect to an accelerometer at the tip near the leading edge and with respect to a root strain gauge (bending moment) are shown in figure 8 for 24 degrees angle of attack. The open-loop frequency response function between actuator command and tip acceleration, shown in figure  8(a) , is the input-output relationship of the forward loop of the active control system, shown in figure 9 . As shown in figure 9 , buffet contributes to the response (output) of the vertical tail (accelerations for this case). For the purpose of computing openloop transfer functions, the response (output) time histories obtained when the tail was buffeting will contain contributions from the unmeasured buffet (input) and the measured actuator responses (input). Therefore, some uncertainty will exist in the open-loop frequency response functions computed from these time histories because of the unmeasured buffet. 
CONTROL LAW DESIGN FOR ALLEVIATING VERTICAL TAIL BUFFETING
Using the open-loop frequency response functions obtained during the test, control laws were designed using frequency domain compensation methods [19] . These control laws were single-input, single-output control laws that utilized either a tip accelerometer or a root strain gage as the sensor to alleviate the response in the first bending mode. Because of some uncertainty in the measurement of the response created by the buffet at the worst case condition of 34 degrees angle of attack, the control laws were designed based on the open-loop frequency response functions acquired at the lower angles of attack where the buffet, and the uncertainty in the plant, were much less.
The components of the active control system, shown in figure 9 , include an analog-to-digital converter (A/D), a digital controller [20] in which the control law is implemented, and a digital-to-analog (D/A) converter. Since there were time delays associated with the digital controller and the actuator, the best approach to control law design was to take advantage of these phase lags. By lagging accelerations by ninety degrees of phase, the commanded motion of the actuator may provide damping to reduce the buffeting of the tail. For the piezoelectric actuators, the digital controller and the distance between the power amplifiers and the actuators were the major contributors to the phase lags. Because the frequency of the first bending mode was higher at the lower angles of attack, as shown in figure 7 , the control law was designed to provide a total lag of 90 degrees at the frequency of the first bending mode expected at the higher angles of attack. In designing the control law, it was assumed that the phase relationship between tip accelerations and actuator command would not be a function of angle of attack. The resonance of the piezoelectric actuators was not encountered but was well above 100 Hz. Therefore, significant filtering was added to the control law to reduce its gain beyond 50 Hz so that modes at higher frequencies were not affected. Numerous levels of filtering in the control law were investigated analytically until arriving at the baseline control law, shown in figure 10 , which is third order (one zero and four poles). The baseline control law design simply subtracted phase at the first bending mode so that the phase of the actuator lagged tip accelerations by ninety degrees at the frequency of the first bending mode, fb. For the two phase curves plotted in figure 10 , the solid line is the control law as designed and the dashed line is the control law as designed plus the effects of a zero order hold (zoh) to compensate for the D/A converter sampling at 200 Hz. A third order Pade' approximation was used in simulating the zoh during control law design. 
OPEN-LOOP CONTROLLER PERFORMANCE EVALUATION (CPE)
To permit assessing control law performance, near real-time, prior to closing the loop, stability margins were computed for the baseline control law through a process known as controller performance evaluation (CPE) [21] . Using the gain setting, controller performance evaluations (CPE) could be made prior to closing the loop by sending a known command, usually a linear frequency sweep, directly to the actuator and recording the time histories of the command and the responses. Using MATLAB, the acquired time histories were transformed into an open-loop frequency response function then combined with the baseline control law, and estimates of stability were computed. Because the digital controller and supporting software generated results on-line, assessment of control law performance could be made within minutes. The gain of the control law could be changed prior to commanding the actuator by simply changing the value of gain stored in the digital controller. This allowed a simple and quick assessment of gain on the performance of the control law.
ACTIVE BUFFETING ALLEVIATION RESULTS
In figures 1 1(a) and 1 1(b) , the open-loop and closed-loop tip accelerations and root strains (bending moment), respectively, at 34 degrees angle of attack are overlayed on the same plot to illustrate the buffeting alleviation, out to 50 Hz, created by actively controlling the piezoelectric actuators. The response of the tail in its first bending mode has been decreased with the aid of active piezoelectric actuators, as seen in figure 1 1 . The peak value of the PSD of the root bending moment at the frequency of the first bending mode has been reduced by approximately 60% while the RMS value of the total signal has been reduced by approximately 19%. The actively controlled piezoelectric actuators provided damping to the tail for other angles of attack, as summarized in figure  12 . The PSD of the root strain (bending moment) was reduced by as much as 60% for certain angles of attack, using a constant gain well below the actuators' physical limits. At the gain setting used for the piezoelectric actuators, 2.4 volts (RMS) of the 10 volts available were used to alleviate the vertical tail buffeting at 34 degrees angle of attack.
On a percentage basis, the buffeting alleviation of both actuators is less at 37 degrees AOA than at 34 degrees AOA. The effectiveness of the actively controlled actuators to add damping appears to be diminishing as angle of attack is increased above 34 degrees. Since the magnitude of the feedback signal at 37 degrees will be similar to the magnitude around 33 degrees angle of attack, the buffeting alleviation result at 37 degrees was expected to be similar to the results around 33 degrees. However, since the force output of the piezoelectric actuators is independent of the aerodynamics, the effectiveness of the piezoelectric actuators should be the same at 33 and 37 degrees angle of attack. Shown in table 1, the aerodynamic damping at 37 degrees angle of attack is higher than the aerodynamic damping around 33 degrees. While the damping due to the feedback signal through the control law would be approximately the same at 33 and 37 degrees, the total damping, without feedback on, has increased at 37 degrees angle of attack. Thus, the percentage of the total damping added by the activelycontrolled piezoelectric actuators has diminished at 37 degrees compared to 33 degrees angle of attack. In addition, it is 95 1200 25
Open-Loop For the baseline control law, open-loop CPE calculations were performed at numerous angles of attack prior to turning feedback on (closing the loop). In figure 13 , the stability gain margins (GM) illustrate that the baseline control law at a constant gain setting will not cause any instabilities. Although the gain margin decreases as angle of attack is increased, the gain margin remains greater than zero which indicates stability of the system over the frequency range plotted which is 0 to 20 Hz. The effect of the unmeasured buffet (input) on the frequency response function may be the source of the decrease in GM with increased angle of attack. However, the magnitude of the feedback signal is increasing with increased angle of attack up to 34 degrees where the magnitude of the command is at its maximum. Therefore, based on the open-loop CPE results, setting the gain of the control law so that amplifier and piezoelectric actuator performance are not exhausted at the worst case (angle of attack) condition does not exclude the alleviation of buffeting at other angles of attack, as seen in figure 12 . Based on the results in figures 12 and 13, it is anticipated that further improvement in the closed-loop response may be achieved by simply adjusting the gain in the control law to higher (still stable) values, thereby improving upon the percentage of total damping added to the system through the use of active controls.
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CONCLUSIONS AND FUTURE PLANS
During buffeting, the dynamics of the vertical tail are a function of angle of attack, as evident in the shift of the frequency of the first bending mode with angle of attack. When considering the vertical tail as a single degree-of-freedom system, estimates of the aerodynamic damping showed that aerodynamic damping was increasing with increases in angle of attack which means that the total damping (structural plus aerodynamic) without feedback on was increasing as well. Despite these changes in the structural dynamics of the vertical tail with angle of attack, a single-input-single-output control law was employed successfully at constant gain throughout the entire angle of attack range without requiring adaptations accomplished by scheduling the parameters of the control law.
During the wind-tunnel tests ofthe ACROBAT program's 1/6-scale F-18 model in the Transonic Dynamics Tunnel, reductions up to 60% in the peak value of the PSD of the root bending moment at the frequency of the first bending mode were observed when using actively controlled piezoelectric actuators or rudder at gains well below their physical limits. For the piezoelectric actuators, only 2.4 volts (RMS) were used of the 10 volts available to obtain the large reductions in root bending moment stated above.
The effectiveness of the control law to alleviate buffeting appeared to drop as angle of attack was increased. At 37 degrees angle of attack, the magnitude of the feedback signal was relatively the same as the magnitude around 33 degrees which means that the magnitude of the damping provided by the controlled actuator was approximately the same at 33 and 37 degrees. Therefore, the percentage of total damping added by feedback control was less at 37 degrees than at 33 degrees angle of attack. By comparison, the rudder provided less buffeting alleviation at 37 degrees angle of attack than did the piezoelectric actuators. The variation in force output of the rudder with angle of attack may have contributed to the reduced buffeting alleviation of the starboard vertical tail at 37 degrees angle of attack.
The stability margins of the system indicated that the gain of the control law may be increased by a factor of four without driving the first bending mode of the vertical tail unstable. Therefore, significant improvements can be achieved simply by increasing the gain of the baseline control law. However, it is anticipated that significant improvements in buffeting alleviation performance over the entire range of angle of attack may be achieved by using adaptive control methods that adjust the parameters of the control law based on angle of attack.
This wind-tunnel investigation was the first demonstration of active vertical tail buffeting alleviation using a rudder and piezoelectric actuators on an F-18 model. Although analyses of such systems have been performed coincidentally using approximations of the unsteady aerodynamics, dependencies on approximations were not necessary during this wind-tunnel investigation since the aerodynamics associated with F-1 8 aircraft configuration at high angles of attack were represented at wind-tunnel conditions determined using Strouhal scaling.
Based on the success of the ACROBAT program, NASA LaRC has been invited to participate in similar active buffeting alleviation programs hosted by the United States Air Force and McDonnell-Douglas. Through a USAF contract and under the auspices of The Technical Cooperative Program (ITCP), a ground test of a buffet loads alleviation system that uses piezoelectric actuators will be conducted on an F-18 aircraft in late 1997. Separately, McDonnell-Douglas is pursuing windtunnel testing of a buffeting alleviation system that uses a neural network to command the rudder based on feedback signals from a strain gauge located at the root of the vertical tail. To assist in this effort, LaRC has invited MDC to participate in wind-tunnel tests in 1998-9 of a follow-on program of ACROBAT called SIDEKIC (Scaling Influences Derived from Experimentally-Known Impacts of Controls on buffet-affected tails). One objective of the SIDEKIC program is to test scaled-replicas of the vertical tails used in the ground test at AMRL (Aeronautical and Maritime Research Laboratory) for the purpose of building a database for deriving scaling laws between model-and full-scale applications of piezoelectric actuators. A second objective of the SIDEKIC program is to perform wind-tunnel tests in support of a proposed flight demonstration of buffet loads alleviation systems beginning in 1999.
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